.-We investigated mechanisms underlying GATA-6-mediated transcriptional activation of the alveolar epithelial type I cell-enriched gene aquaporin-5 (AQP5). GATA-6 expression increases in alveolar epithelial cells in primary culture, concurrent with upregulation of AQP5 and transition to a type I cell-like phenotype. Cotransfections in MLE-15 and NIH 3T3 cells demonstrated trans-activation by GATA-6 of a rat 1,716-bp-AQP5-luciferase (Ϫ1716-AQP5-Luc) reporter. Electrophoretic mobility shift assay and chromatin immunoprecipitation identified an interaction between GATA-6 and putative binding sites in the AQP5 promoter. However, mutation of these sites did not reduce GATA-6-mediated activation, implicating mechanisms in addition to direct binding of GATA-6 to DNA. A 5Ј-deletion construct, Ϫ358-AQP5-Luc, that does not encompass GATA motifs was still activated by GATA-6 by as much as 50% relative to Ϫ1716-AQP5-Luc. Internal deletion of the Ϫ358/Ϫ173 GCrich domain, which includes several putative Sp1 consensus sites, reduced trans-activation by ϳ60%, suggesting importance of this region for GATA-mediated activity. Ϫ358-AQP5-Luc was similarly activated by both GATA-6 and a GATA DNA-binding defective mutant, whereas cotransfections in Schneider S2 cells demonstrated dose-dependent transactivation of Ϫ358-AQP5-Luc by Sp1. Activation of Ϫ358-AQP5-Luc by GATA-6 was dramatically reduced by Sp1 small-interfering RNA, and Ϫ358-AQP5-Luc was activated synergistically by GATA-6 and Sp1 in NIH 3T3 cells. Furthermore, association between endogenous GATA-6 and Sp1 was demonstrated by coimmunoprecipitation. These results suggest that transcriptional activation of AQP5 by GATA-6 is mediated at least in part through cooperative interactions with Sp1 occurring at the proximal promoter.
important roles in organogenesis and regulation of tissuespecific gene expression (27, 32) . Each GATA family member contains a highly conserved DNA-binding domain consisting of two zinc fingers with the motif Cys-X 2 -Cys-X 17 -Cys-X 2 -Cys that mediate binding to a core nucleotide sequence element (A/T)GATA(A/G) (19, 25, 35) . Specificity of individual GATA family members is mediated to a large extent through interactions with both ubiquitous and cell-specific transcriptional activators (27) .
GATA-6 is expressed during embryogenesis as early as the blastocyst stage at 3.5 days. Targeted mutagenesis of the mouse GATA-6 gene is lethal at 5.5 days postcoitum due to a defect in extraembryonic tissue formation (21) . Although the expression pattern for GATA-4/5/6 genes largely overlaps during early embryogenesis, GATA-6 is the only GATA factor that is expressed in the distal epithelium of the developing lung (28, 45) . GATA-6 is expressed in respiratory epithelial cells of developing lung tubules by embryonic day 10 and is essential for normal branching morphogenesis and epithelial cell differentiation (14) . In addition, GATA-6 has been shown to regulate the promoters of a number of lung-specific genes, including Nkx2.1 (36) , surfactant protein A (5), and surfactant protein C (SP-C) (24) . Interestingly, expression of a GATA-6 Engrailed dominant-negative fusion protein in the distal lung epithelium of transgenic mice using the human 3.7-kb SP-C promoter resulted in absence of type I (AT1) cells in the distal lung during late alveolar development and decreased expression of the AT1 cell-specific gene aquaporin-5 (AQP5), suggesting a critical role for GATA-6 in regulation of alveolar epithelial (especially AT1) cell differentiation.
AQP5 is a member of the large family of aquaporin water channel proteins (1) . AQP5 is expressed abundantly in lung, salivary, and lacrimal tissues (18) . In the adult lung, AQP5 is selectively expressed in the apical membranes of AT1, but not type II (AT2) cells (18, 29) . Expression of AQP5 increases substantially late in gestation, consistent with expansion of the AT1 cell population at this period in development (18, 38) . AQP5 is also upregulated as a function of time following culture of freshly isolated AT2 cells on inflexible substrata concurrent with transdifferentiation of these cells to an AT1 cell-like phenotype in vitro, suggesting its utility as a phenotypic marker with which to investigate transcriptional mechanisms regulating gene expression in AT1 cells (4) . GATA-6 has been shown to activate the mouse AQP5 promoter in transient transfection assays (45) . Although the proximal Ϫ1716-bp AQP5 promoter encompasses putative GATA DNA-binding sites, substantial transcriptional activation by GATA-6 was observed with deletion of these sites, suggesting the possibility that, in addition to direct binding to DNA, GATA-6 mediates transcriptional activation of AQP5 indirectly through interactions with other TF that themselves bind to DNA (24, 45) . In this study, we investigated the mechanisms underlying transcriptional regulation of AQP5 by GATA-6 to gain insight into the mechanisms regulating expression of the differentiated AT1 cell phenotype.
MATERIALS AND METHODS
Rat alveolar epithelial cell isolation and culture. All animal use procedures used in these studies were approved by the Institutional Animal Care and Use Committee of University of Southern California. AT2 cells were isolated from adult male Sprague Dawley rats by elastase disaggregation (2.0 -2.5 U/ml) and panning on IgG-coated bacteriological plates (2) . Enriched AT2 cells were resuspended in a minimal defined serum-free medium consisting of Dulbecco's modified Eagle's medium (DMEM) and Ham's F-12 nutrient mixture in a 1:1 ratio, supplemented with 1.25 mg/ml BSA, 10 mM HEPES, 0.1 mM nonessential amino acids, 2.0 mM glutamine, 100 U/ml sodium penicillin G, and 100 g/ml streptomycin. Cells were seeded into tissue culture-treated polycarbonate (Nuclepore) filter cups at a density of 10 6 cells/cm 2 and grown to confluence. AT2 cell purity (Ͼ90%) was assessed by staining freshly isolated cells with an antibody to lamellar membrane protein p180 (Covance, Richmond, CA). Cell viability (Ͼ95%) was measured by trypan blue dye exclusion.
Maintenance of cell lines. MLE-15 mouse lung epithelial cells (J. Whitsett, Cincinnati, OH) (44) were cultivated in RPMI 1640 supplemented with 10 nM hydrocortisone, 5 g/ml insulin, 5 g/ml human transferrin, 10 nM ␤-estradiol, 5 g/ml selenium, 2 mM L-glutamine, 10 mM HEPES, 100 U/ml penicillin, 100 g/ml streptomycin, and 2% FBS. NIH 3T3 cells were grown in DMEM supplemented with 10% FBS, 2.5 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. Schneider's Drosophila Line 2 (S2) cells (ATCC, Manassas, VA) were grown without carbon dioxide at 22°C in Schneider's Drosophila Medium with L-glutamine (Invitrogen, Carlsbad, CA) supplemented with antibiotic-antimycotic solution (Invitrogen) and 10% heat-inactivated FBS (Hyclone, Logan, UT).
Western analysis. Protein was extracted from alveolar epithelial cells (AEC) on days 0, 1, and 8, and from MLE-15 and NIH 3T3 cells, in 2% SDS buffer (62.5 mM Tris ⅐ HCl, 2% SDS, and 10% glycerol). Samples were separated by SDS-PAGE and transferred to ImmunoBlot polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA). Membranes were blocked with 5% donkey serum in 20 mM Tris, pH 7.5, 500 mM NaCl, and 0.1% Tween 20 overnight at 4°C and incubated with goat anti-GATA-6 (sc-7244; Santa Cruz Biotechnology, Santa Cruz, CA) or rabbit anti-AQP5 (Chemicon, Temecula, CA) polyclonal antibodies for 1 h at room temperature. Membranes were incubated with peroxidase-conjugated donkey anti-goat (Jackson ImmunoResearch Laboratories, West Grove PA) or anti-rabbit (Promega, Madison, WI) secondary antibodies for 45 min at room temperature. To detect Sp1 expression, following blocking with 5% nonfat milk for 1 h at room temperature, blots were incubated with rabbit Sp1 antibody (sc-59X; Santa Cruz Biotechnology) overnight at 4°C. After being washed with PBS (pH 7.2), membranes were incubated with goat anti-rabbit secondary antibody (Promega). Peroxidase activity was detected with Super Signal (Pierce, Rockford, IL), and images analyzed using a FluorChem imager (Alpha Innotech, San Leandro, CA). To ensure equal loading, protein was normalized to either eukaryotic initiation factor 2␣ (eIF2␣) or lamin A/C using rabbit anti-eIF2␣ and anti-lamin A/C polyclonal antibodies (Santa Cruz Biotechnology).
Preparation of nuclear extracts. NIH 3T3 cells grown on 100-mm plates were transiently transfected with pcDNA3/GATA-6 expression plasmid for preparation of nuclear extracts for electrophoretic mobility shift assays (EMSA). After 24 h, cells were washed and harvested in PBS. After centrifugation, pellets were resuspended in 1 ml hypotonic buffer [10 mM HEPES (pH 7.5), 10 mM KCl, 3 mM MgCl 2, 0.05% Nonidet P-40, 1 mM EDTA (pH 8.0), 10 mM NaF, and 0.1 mM Na 3VO4] supplemented with protein inhibitor cocktail set III (5 l/ml, Calbiochem, San Diego, CA) and incubated on ice for 20 min, followed by vortexing for 10 s and centrifugation at 500 g for 10 min at 4°C. Nuclear pellets were washed two times with hypotonic buffer and lysed in 200 l lysis buffer [100 mM HEPES (pH 7.5), 0.5 M KCl, 5 mM MgCl 2, 28% glycerol, and 5 l/ml protein inhibitor cocktail set III] for 30 min on ice with shaking. After centrifugation at 20,000 g for 30 min to remove debris, nuclear extracts were separated into aliquots and stored at Ϫ70°C. Nuclear extracts from MLE-15 cells for coimmunopreciptation were generated using the Active Motif Nuclear Extract Co-IP Complex Kit (Carlsbad, CA).
EMSA and electrophoretic mobility supershift assays. Doublestranded oligonucleotides encompassing nine putative GATA-6-binding sites identified in the proximal 1,716-bp of the rat AQP5 promoter and designated as sites 1-9 [no. 1: 5Ј-GAAAGCCCTCCAATCTCCTT-TCAC-3Ј (Ϫ1,363 to Ϫ1,339); no. 2: 5Ј-AGGAATGGGAGATAGC-CGGGCAGA-3Ј (Ϫ1,197 to Ϫ1,174); no. 3: 5Ј-AAGAACAAGGATA-AAAAGCAAAC-3Ј (Ϫ979 to Ϫ755); no. 4: 5Ј-AACGCCTCCTA-GAGCCCGCT-3Ј (Ϫ801 to Ϫ782); no. 5: 5Ј-CCCGCTGCCTAGA-GCCAACA-3Ј (Ϫ787 to Ϫ768); no. 6: 5Ј-GCGTCGAGGATTGCCAT-TAG-3Ј (Ϫ755 to Ϫ735); no. 7: 5Ј-GCCACGGGCGGATTGGGAG-3Ј (Ϫ653 to Ϫ633); no. 8: 5Ј-TTGGGAGCTAAGAGGCGC-3Ј (Ϫ624 to Ϫ641); and no. 9: 5Ј-CCTCAGAGAATCGCATCAT-3Ј (Ϫ601 to Ϫ620)] were labeled with 33 P-ATP. Nuclear extract (ϳ4 g) was incubated with ϳ2 ϫ 10 5 counts/min of 33 P-labeled oligonucleotide for 20 min at 4°C. Competition for binding was performed with 100-fold molar excess of unlabeled oligonucleotide. DNA-protein complexes were resolved by electrophoresis on 5% nondenaturing polyacrylamide gels. Gels were blotted onto Whatman No.3 MM paper, vacuum dried for 1 h at 80°C, and exposed to X-ray film (Kodak, Rochester, NY).
Chromatin immunoprecipitation. MLE-15 cells were cross-linked with 1% formaldehyde for 10 min at room temperature, followed by addition of glycine to 0.125 M and continued incubation for 5 min. Cells were lysed in hypotonic buffer, and nuclear pellets were collected by centrifugation and resuspended in nuclear lysis buffer. Solubilized chromatin was sheared by sonication (VirTis, Gardiner, NY). Chromatin was incubated with goat anti-GATA-6 antibody (sc-7244; Santa Cruz Biotechnology) or goat IgG at 4°C overnight. Complexes were recovered by incubation with A/G Plus-agarose beads at 4°C for 2 h. Beads were collected by centrifugation and washed thoroughly. Complexes were eluted by incubation with 150 l immunoprecipitation elution buffer (1% SDS and 0.1% NaHCO3). NaCl was then added at a final concentration of 0.3 M, and samples were heated at 65°C overnight to reverse cross-linking, followed by phenolchloroform extraction and ethanol precipitation. DNA was resuspended in 30 l TE, and PCR was performed using primers corresponding to the regions Ϫ1,391 to Ϫ1,373 (5Ј-GCCAGTCCAAGAGTGCAAG-3Ј) and Ϫ1,251 to Ϫ1,235 (5Ј-TTCTAGCTCCATCTAGTTCGC-3Ј), which span conserved GATA binding site no. 2 in the mouse AQP5 promoter at Ϫ1,313 to Ϫ1,310 relative to the initiator methionine at ϩ1. For input DNA, soluble chromatin not incubated with antibodies was subjected to PCR. Albumin was amplified as a nontarget gene to monitor for nonspecific binding.
AQP5 promoter reporter constructs and other plasmids. Ϫ1716-, Ϫ1097-, Ϫ894-, Ϫ173-and Ϫ139-AQP5-luciferase constructs are as previously described (3). Ϫ1716(⌬Ϫ173/Ϫ358)-Luc was generated by digestion of Ϫ1716-AQP5-Luc with SacII followed by religation (see construct g in Fig. 4 ). Ϫ173(Ϫ173/Ϫ358)F1 (also called Ϫ358-AQP5-Luc) and Ϫ173(Ϫ173/Ϫ358)R AQP5-luciferase constructs were generated by inserting a SacII fragment spanning from Ϫ173 to Ϫ358 of the AQP5 promoter into Ϫ173-AQP5-Luc in forward or reverse orientation (see Figs. 4 and 5A). Ϫ173(Ϫ173/Ϫ358)F2 and Ϫ173(Ϫ173/Ϫ358)F3 were generated by inserting two or three copies of the Ϫ173/Ϫ358 SacII fragment into Ϫ173-AQP5-Luc. TK(Ϫ173/ Ϫ358) was generated by cloning the Ϫ173/Ϫ358 SacII fragment into TK-Luc, which is pGL2-Basic containing the thymidine kinase promoter from pRL-TK. pcDNA3/GATA-6 was generated by cloning the 2.6-kb mouse full-length GATA-6 cDNA into Xhol/XbaI sites of pcDNA3 (Invitrogen). pPacO and pPacSp1 were kindly provided by Dr. John D. Noti (Sayre, Pennsylvania). pPacO/GATA-6 was generated by cloning GATA-6 cDNA from pcDNA3/GATA-6 in the BamHI site of pPacO. pCMV/Sp1 is as previously described (22) . D238 Renilla was generated from pRL-SV40 (Promega) by deleting a 238-bp fragment containing GATA-6-binding sites by digestion with ScaI and HindIII.
Mutagenesis of GATA-6 binding site in AQP5 promoter and GATA-6 DNA binding domain in GATA-6 expression plasmid. The Quik Change II Site Directed mutagenesis kit (Stratagene, La Jolla, CA) was used with the primers 5Ј-GCGGCTTGGACTGTCCTC-CCGCAACTGTCACACCACAAC-3Ј and 5Ј-GTTGTGGTGTGA-CAGTTGCGGGAGGACAGTCCAAGCCGC-3Ј to mutate amino acids cysteine and alanine at positions 293 and 294 (which are responsible for binding of GATA-6 to DNA) to serine and arginine to generate the mouse GATA-6 DNA-binding mutant (pcDNA3/ GATA-6 mBD). To generate mutations in the AQP5 promoter, putative GATA-6-binding site nos. 2, 8, and 9 were mutated individually or in combination to generate Mut2-AQP5, Mut8-AQP5, Mut9-AQP5, and Mut2ϩ8ϩ9-AQP5 (see Fig. 4 ) from the parental Ϫ1716-AQP5-Luc plasmid. Primer pairs are as follows: no. 2 forward 5Ј-CGACGTAG-GAATGGGAGGCCGGGCAGAAATAAAG-3Ј and reverse 5Ј-CTTTATTTCTGCCCGGCCTCCCATTCCTACGTCG-3Ј; no. 8 forward 5Ј-CGGATTGGGAGCGAGGCGCTGTCCTC-3Ј and reverse 5Ј-GAGGACAGCGCCTCGCTCCCAATCCG-3Ј; no. 9 forward 5Ј-GCTGTCCTCAGAGCGCATCACTCTGG-3Ј and reverse 5Ј-CCA-GAGTGATGCGCTCTGAGGACAGC-3Ј to delete the ATA, TAA, and AAT nucleotides in the respective putative GATA-6-binding sites. Mutant clones were sequenced to verify mutations.
Transient transfection assays. NIH 3T3 or MLE-15 cells were plated at 6 ϫ 10 4 cells/well in 24-well plates 24 h before transfection. Cells were cotransfected with 0.75 g of the series of deleted AQP5-luciferase constructs and 0.25 g of either the GATA-6 expression plasmid pcDNA3/GATA-6 or control vector pcDNA3 using Superfect reagent (Qiagen, Valencia, CA). MLE-15 cells express both AQP5 and GATA-6, whereas NIH 3T3 cells express only low levels of GATA-6. Both cell types were therefore evaluated, since it was expected that activation would be greater in cells with low endogenous levels of GATA-6. To test the effects of mutation of GATAbinding sites in the AQP5 promoter or internal deletion of Ϫ173/ Ϫ358 on the ability of GATA-6 to trans-activate AQP5, equimolar amounts of Ϫ1716-, Mut2-, Mut8-, Mut9-, Mut2ϩ8ϩ9-, and Ϫ1716(⌬Ϫ173/Ϫ358)-AQP5-Luc were transfected using Superfect reagent into NIH 3T3 cells. To test enhancer function of the Ϫ173/ Ϫ358 AQP5 fragment, Ϫ173-, Ϫ173(Ϫ173/Ϫ358)F1-, Ϫ173(Ϫ173/ Ϫ358)R-, Ϫ173(Ϫ173/Ϫ358)F2-, Ϫ173(Ϫ173/Ϫ358)F3-AQP5-Luc, or (Ϫ173/Ϫ358)-TK-Luc and TK-Luc were transfected in equimolar amounts using Superfect reagent into MLE-15 and NIH 3T3 cells. To analyze whether GATA-6 activation of AQP5 requires binding of GATA-6 to DNA, 0.75 g of Ϫ358-AQP5-Luc, 0.25 g of pcDNA3/ GATA-6, or GATA-6 DNA binding mutant pcDNA3/GATA-6 mBD were cotransfected into NIH 3T3 cells. Results were normalized to transfection with the minimal AQP5 promoter luciferase construct (Ϫ173-AQP5-Luc). To evaluate synergistic interactions between GATA-6 and Sp1, Ϫ1716-AQP5-Luc (0.75 g), pcDNA3/GATA-6 (37.5 ng), and pCMV/Sp1 (100 ng) singly or in combination, or corresponding empty expression vectors, were transfected into NIH 3T3 cells. Synergy between GATA-6 and Sp1 is identified by calculating the interaction response (IR), which compares the effect of two expression vectors cotransfected together with the additive effect of each of the expression vectors cotransfected separately as defined by the equation IR ϭ log[(GATA-6 ϩ Sp1)/(GATA-6) ϩ (Sp1)]. Values of Ϫ0.1 to 0.1 are defined as additive, Ͼ0.1 synergistic and less than Ϫ0.1 antagonistic (15) . In all transfections, Renilla luciferase or D238 Renilla were included to normalize for transfection efficiency. Firefly and Renilla luciferase activity were determined with the Dual-Luciferase reporter assay system (Promega). For transfections of Sp1 in S2 cells, 10 5 cells were plated in 24-well plates 24 h before transfection. Ϫ358-AQP5-Luc (0.75 g) and increasing amounts (0 -100 ng) of pPacSp1 were transfected using calcium phosphate precipitation. Empty vector (pPacO) was used to equalize amounts of DNA in each transfection. ␤-Galactosidase (␤-gal) was used to normalize for transfection efficiency. Cells were harvested after 24 h for measurement of luciferase activity and ␤-gal activity using the Dual Light System Assay (TROPIX, Bedford, MA).
Sp1 small-interfering RNA transfection. NIH 3T3 cells were plated at 4.5 ϫ 10 4 cells/well in 24-well plates. After 18 h, medium was removed and replaced with 0.5 ml DMEM. For DNA transfection, 1.5 g of Ϫ358-AQP5-Luc and 0.15 g of either pcDNA-3 or pcDNA3/ GATA-6 were complexed with 2 l of Lipofectamine 2000 (Invitrogen) in 100 l of Opti-MEM medium (Invitrogen) and added to each well. Small-interfering RNA (siRNA) targeting the mouse Sp1 gene (sequence: 5Ј-CCAAUUACAGAACCAGCAAGUUCU-3Ј) or control nontargeting siRNA complexed with 2 l Lipofectamine 2000 in 100 l of Opti-MEM was added concurrently. After 6 h, 50 l of FBS were added to each well. Cells were harvested after 48 h in passive lysis buffer (Promega) for luciferase reporter assay and in 2% SDS lysis buffer for Sp1 Western analysis. Luciferase values were normalized to total protein concentration measured by the Bio-Rad protein assay kit.
Coimmunoprecipitation. MLE-15 nuclear extract (1,000 g) in Low IP Buffer (Active Motif) was incubated with 8 g of goat antibody against GATA-6 (sc-7244; Santa Cruz Biotechnology) at 4°C overnight. Prewashed protein A/G beads (100 l at 50%; Santa Cruz Biotechnology) were then added to the mixture and incubated for 4 h. Beads were washed five times with PBS. Isolated protein complexes were denatured for 5 min at 95°C, analyzed by 7.5% SDS-PAGE, and transferred to PVDF membranes, followed by immunoblotting with anti-Sp1 antibody (Santa Cruz Biotechnology) with detection by enhanced chemiluminescence (Pierce).
Statistical analysis. Data are shown as means Ϯ SE for n no. of observations. We used z-tests to determine whether ratiometric data were different from control. When comparing multiple groups of data, one-way ANOVA (with post hoc Tukey's test) was used to determine significant differences. P Ͻ 0.05 was considered significant.
RESULTS

Expression of GATA-6 during transdifferentiation of rat AEC in vitro.
To investigate the role of GATA-6 in regulating AEC cell type-specific gene expression, we first evaluated expression of GATA-6 as a function of time in a wellcharacterized in vitro model in which AT2 cells in primary culture undergo transdifferentiation to an AT1 cell-like phenotype. Freshly isolated rat AT2 cells (day 0) were plated in serum-free medium on polycarbonate filters, and GATA-6 expression was analyzed by Western blotting (Fig. 1A) on days 0, 1, and 8. GATA-6 protein increased 263 Ϯ 33% between day 0 and day 8. Concurrently, levels of the AT1 cell marker AQP5 increased approximately eightfold (Fig. 1B) , consistent with transition to an AT1 cell-like phenotype.
Transcriptional activation of AQP5 promoter by GATA-6.
We previously generated a series of luciferase reporter constructs with progressive 5Ј-deletions (Ϫ1,716, Ϫ1,097, Ϫ894, and Ϫ139) of the 5Ј-proximal sequences regulating the AT1 cell-enriched rat AQP5 gene (3) . Cotransfections in MLE-15 and NIH 3T3 cells of these AQP5-luciferase constructs and the GATA-6 expression plasmid pcDNA3/GATA-6 demonstrated trans-activation of the rat AQP5 promoter by GATA-6 compared with the control vector pcDNA3 (Fig. 2) . Greatest activation of the AQP5 promoter by GATA-6 was seen with Ϫ1716-AQP5-Luc (ϳ13-fold in NIH 3T3 cells and 3-fold in MLE-15 cells). Trans-activation of AQP5 by GATA-6 declines progressively with serial deletion of the AQP5 promoter in both cell types, suggesting the presence of functional GATA-6 binding sites within the deleted regions. Activation of AQP5 by GATA-6 is greater in NIH 3T3 cells than in MLE-15 cells, likely because of the higher endogenous expression levels of GATA-6 in MLE-15 cells (36) .
GATA-6 interacts with cognate binding sites in the AQP5 promoter. GATA-6 interacts with a DNA sequence containing a core GATA motif, with the order of site preference being GATA Ͼ GATT Ͼ GATC (35) . Analysis of the 1,716-bp AQP5 promoter sequence reveals nine putative GATA-6-binding sites hereby designated nos. 1 through 9 (Fig. 3A) . EMSA using oligonucleotide probes spanning these putative GATA consensus sites with nuclear extracts from NIH 3T3 cells transfected with pcDNA3/GATA-6 demonstrated shifted complexes using probes spanning sites 2 (Ϫ1,197/Ϫ1,174) (Fig.  3B) , 8 (Ϫ624/Ϫ641), and 9 (Ϫ601/Ϫ620) (data not shown). Binding to site 2 could be competed by wild-type but not mutant cold competitor oligonucleotides. Because GATA-6 binding site 2 is conserved between rat and mouse, we selected this site for further in vivo characterization of GATA-6 binding by chromatin immunoprecipitation (ChIP). As shown in Fig.  3C , the PCR product spanning GATA-6 binding site 2 was amplified from the DNA-protein complex immunoprecipitated by anti-GATA-6 antibody, indicating occupancy of this binding site by GATA-6 and suggesting a role for direct binding of GATA-6 to DNA in activation of AQP5 transcription.
GATA-6-mediated transcriptional activation of AQP5 promoter with mutated or deleted GATA-6-binding sites. To further assess whether activation of AQP5 transcription by GATA-6 is mediated by direct binding to DNA, GATA-binding sites 2, 8, and 9 of the parental Ϫ1716-AQP5-Luc were mutated singly or in combination and cotransfected with pcDNA3/GATA-6 or pcDNA3 in NIH 3T3 cells. In a series of transient transfection assays, the GATA binding site mutants were as active as the parent construct, even when all these sites were mutated simultaneously (Fig. 4, b-e) . Furthermore, deletion of the entire Ϫ1,716/Ϫ358 promoter sequence that encompasses all nine GATA sites did not abolish GATA-6-mediated activation (Fig. 4f) . In fact, Ϫ358-AQP5-Luc still retains Ͼ50% of the GATA-6-mediated activation observed with the parent construct. These data suggest that other elements located within the Ϫ358/Ϫ128 fragment may play a role in GATA-6-mediated trans-activation of AQP5 via proteinprotein interactions. To address this possibility, we deleted the Ϫ358/Ϫ173 sequence from the parental plasmid to yield Ϫ1716(⌬Ϫ173/Ϫ358)-Luc (Fig. 4g) . Transient transfection assays in NIH 3T3 cells showed ϳ60% reduction of GATA-6-mediated trans-activation of the AQP5 promoter with internal deletion of this fragment. In fact, GATA-6-mediated transactivation of AQP5 was reduced from 23-fold in Ϫ1716-AQP5-Luc to 9-fold in Ϫ1716(⌬Ϫ173/Ϫ358), further suggesting that the Ϫ358/Ϫ173 region is important for transcriptional regulation of the AQP5 promoter by GATA-6 despite the absence of putative GATA consensus sites.
Ϫ358/Ϫ173 AQP5 fragment functions as a transcriptional enhancer.
Internal deletion of Ϫ358/Ϫ173 also reduced basal transcriptional activity relative to the parental Ϫ1716-AQP5-Luc construct, suggesting that, consistent with previous observations, this region functions as a transcriptional enhancer of AQP5 (3). To further examine putative enhancer function of the Ϫ358/Ϫ173 fragment, this sequence was cloned upstream of the minimal promoter Ϫ173-AQP5-Luc construct in both forward and reverse orientations. In addition, two and three copies of the Ϫ358/Ϫ173 fragment were cloned upstream of Ϫ173-AQP5-Luc or TK-Luc (Fig. 5A) . In transient transfection assays in both MLE-15 ( Fig. 5B ) and NIH 3T3 (Fig. 5C ) cells, one copy of the Ϫ358/Ϫ173 AQP5 fragment enhanced transcriptional activity of Ϫ173-AQP5-Luc when placed in either forward or reverse orientations. In contrast, this fragment did not enhance activity of the TK viral promoter, indicating promoter specificity of this enhancer element. Transcriptional activity of Ϫ173-AQP5-Luc was not further enhanced by the insertion of additional copies of the Ϫ358/Ϫ173-AQP5 fragment in MLE-15 cells. In NIH 3T3 cells, insertion of two and three copies of the Ϫ358/Ϫ173 AQP5 fragment upstream of the AQP5 minimal promoter led to an increase in promoter activity. These data confirm that the Ϫ358/Ϫ173 fragment functions as an enhancer of AQP5 transcription. Lack of increased transcriptional activity in MLE-15 cells with multiple copies of the enhancer fragment may be due to depletion of other cell-specific TF required for AQP5 transcription in MLE-15 cells and not in NIH 3T3 cells (which do not express endogenous AQP5).
Activation of Ϫ358-AQP5-Luc by GATA-6. Analysis of the AQP5 promoter sequence between nucleotides Ϫ358 and Ϫ128 relative to the ATG (which includes the minimal promoter and the Ϫ173/Ϫ358 enhancer fragment) revealed multiple putative Sp1, but no putative GATA, consensus sites (3). This suggests that GATA-6 activation of this promoter/enhancer region may be mediated not through direct binding of GATA-6 to DNA but rather indirectly through interactions between GATA-6 and Sp1. To further investigate this possibility, we generated pGATA-6 mBD, a GATA-6 expression plasmid, in which Cys 293 and Ala 294 are mutated to disrupt the interaction of GATA-6 with DNA (45) . In transient transfection assays in NIH 3T3 cells, both GATA-6 and GATA-6 mBD similarly activate Ϫ358-AQP5-Luc ϳ2.5-fold (Fig. 6) , further suggesting that GATA-6-mediated activation of this enhancer region is independent of its binding to DNA.
Trancriptional activation of Ϫ358-AQP5-Luc by Sp1. To further explore the possibility that GATA-6 activation of AQP5 is mediated through interactions with Sp1, we evaluated the ability of Sp1 alone to activate Ϫ358-AQP5-Luc. In transient transfection assays in S2 cells (which lack Sp1), cotransfected Sp1 activates transcription of Ϫ358-AQP5-Luc in a dose-dependent manner up to approximately sevenfold with 100 ng of Sp1 (Fig. 7A) , confirming that Sp1 can directly activate AQP5.
Effect of Sp1 siRNA on trans-activation of Ϫ358-AQP5-Luc by GATA-6. To further investigate the role of Sp1 in GATA-6 activation of Ϫ358-AQP5-Luc, cotransfection of Ϫ358-AQP5-Luc with pcDNA3/GATA-6 was performed in NIH 3T3 cells in which Sp1 activity was inhibited by Sp1 siRNA. As shown in Fig.  7B , siRNA for Sp1 reduced expression of endogenous Sp1 in NIH 3T3 cells by ϳ65% compared with control nontarget siRNA. A: proximal Ϫ1,716-bp fragment of the 5Ј-flanking region of the AT1 cellspecific rat AQP5 gene contains 9 putative GATA-6-binding sites upstream of the transcription start site. The transcriptional start site is designated as Ϫ128 relative to the ATG (ϩ1) (3). B: electrophoretic mobility shift assay (EMSA) was performed using nuclear extract (NE) from NIH 3T3 cells transfected with pcDNA3/GATA-6 and a 33 P-labeled oligonucleotide probe. A DNA-protein complex (arrow) is formed with probe 2 (spanning Ϫ1,197/Ϫ1,174 in the AQP5 promoter). Complexes are competed by 100ϫ wild-type (Wt) but not mutated cold competitor (M1 and M2). C: soluble chromatin from MLE-15 cells was immunoprecipitated with GATA-6 antibody or IgG. Coprecipitated DNA was analyzed by PCR using a primer pair specific for the no. 2 conserved GATA-binding site in the AQP5 promoter/enhancer. Albumin was used as nonspecific binding control.
Furthermore, GATA-6-mediated activation of AQP5 transcription was almost completely abolished following knockdown of Sp1. These data further suggest that GATA-6 activation of AQP5 is mediated through interaction with Sp1.
Coimmunoprecipitation of GATA-6 and Sp1. Interaction between GATA-6 and Sp1 was investigated by coimmunoprecipitation in MLE-15 cells. As shown in Fig. 7C , Sp1 was identified in the protein complex immunoprecipitated by anti-GATA-6 antibody, but not by IgG control.
Synergistic activation of Ϫ358-AQP5-Luc by GATA-6 and Sp1. To further investigate interactions between GATA-6 and Sp1, cotransfection assays were performed in NIH 3T3 cells with GATA-6 and Sp1 separately or in combination together with Ϫ358-AQP5-Luc. As shown in Fig. 8 , GATA-6 alone activates Ϫ358-AQP5-Luc approximately threefold, whereas Sp1 activates Ϫ358-AQP5-Luc approximately twofold. Cotransfection of GATA-6 and Sp1 increases reporter activity approximately ninefold. The calculated interaction response is 0.23, demonstrating synergistic activation of Ϫ358-AQP5-Luc by GATA-6 and Sp1, consistent with interaction between these TF as suggested by siRNA and coimmunoprecipitation experiments.
DISCUSSION
Mice expressing a GATA-6-Engrailed dominant-negative fusion protein in the distal lung epithelium during development lack detectable AT1 cells and demonstrate attenuated expression of the AT1 cell-enriched gene AQP5, suggesting an important role for GATA-6 in regulation of AT1 cell differentiation (45) . GATA-6 was also shown to activate the AQP5 promoter in vitro, suggesting a role for GATA-6 in regulating gene expression in AT1 cells. To gain further insight into transcriptional regulation of gene expression in AT1 cells, we investigated mechanisms underlying GATA-6-mediated activation of AQP5. We demonstrated upregulation of GATA-6 in AEC in primary culture concurrent with an increase in AQP5 and transition to an AT1 cell-like phenotype, suggesting that temporal and spatial regulation of GATA-6 contributes to activation of AQP5 transcription Fig. 4 . GATA-6-mediated transcriptional activation of AQP5 promoter-reporter constructs containing mutated or deleted GATA-6-binding sites. NIH 3T3 cells were transiently transfected with reporter constructs (shown on left) together with pcDNA3/ GATA-6 or empty vector pcDNA3. GATA-6-mediated activation of the parental plasmid (a) is defined as 1.0. Activation of each of the mutant constructs (b-g) is shown relative to activation of the parental plasmid 1,716-bp-AQP5-luciferase (Ϫ1716-AQP5-Luc). Firefly luciferase is normalized to Renilla luciferase activity. Data represent means Ϯ SE (n Ն 3). *P Ͻ 0.05 compared with Ϫ1716-AQP5-Luc. F, Wild-type GATA site; ϫ, mutated GATA site. Previous studies demonstrated that GATA-6 can regulate gene expression by binding directly to the promoter/enhancer of target genes via its DNA-binding domain, as well as indirectly through interactions with other cell-specific and ubiquitous TF that in turn bind to DNA (8, 11, 26, 33) . Because the proximal Ϫ1,716-bp AQP5 promoter region encompasses a number of putative GATA-binding sites, we initially evaluated the ability of GATA-6 to activate AQP5 through direct binding to DNA. Although we demonstrated binding of GATA-6 by Fig. 6 . GATA-6 activation of Ϫ358/Ϫ173 AQP5 enhancer fragment. GATA-6 and a GATA-6 DNA-binding mutant (GATA-6 mDB) were cotransfected with the Ϫ358/Ϫ173 transcriptional enhancer in NIH 3T3 cells. Firefly luciferase was normalized to D234 Renilla luciferase activity. Data represent means Ϯ SE (n ϭ 6). Fig. 7 . GATA-6 activates Ϫ358-AQP5 promoter by interaction with Sp1. A: in transient transfection assays in S2 cells that lack Sp1, Sp1 activates Ϫ358-AQP5-Luc in a dose-dependent manner. Firefly luciferase was measured 24 h after transfection and normalized to ␤-galactosidase activity. Data represent means Ϯ SE. *P Ͻ 0.05 compared with 0 ng of Sp1 (n ϭ 3). B: NIH 3T3 cells were transfected with either Sp1-specific or control nontargeting smallinterfering RNA (siRNA). Simultaneously, cells were transfected with Ϫ358-AQP5-Luc and pcDNA3/ GATA-6 or empty vector pcDNA3. After 48 h, cells were harvested for Western analysis and luciferase assay. Firefly luciferase was normalized to total protein. Data represent means Ϯ SE (n Ն 3). *P Ͻ 0.05 compared with all other constructs. C: nuclear extract from MLE-15 cells was immunoprecipitated (IP) using anti-GATA-6 antibody or IgG. Sp1 associated with GATA-6 was detected by anti-Sp1 antibody as shown in this representative Western blot (WB). NE from MLE-15 cells is used as positive control for Sp1 Western blot. Fig. 8 . Synergistic activation of Ϫ358-AQP5 promoter by GATA-6 and Sp1. GATA-6 and Sp1 singly and in combination were cotransfected with Ϫ358-AQP5-Luc in NIH 3T3 cells. Synergistic activation of the AQP5 reporter construct is observed with cotransfection of both GATA-6 and Sp1. Firefly luciferase was measured 24 h after transfection and normalized to D234 Renilla luciferase activity. Data represent means Ϯ SE (n ϭ 9). *P Ͻ 0.05 compared with pCMV ϩ pcDNA3. **P Ͻ 0.05 compared with all other constructs.
both EMSA and ChIP to putative GATA-binding sites, mutation of these sites, individually or in combination, did not prevent GATA-6-mediated activation of the AQP5 promoter. Furthermore, a deletion construct in which all putative GATA-6-binding sites were removed still retained Ͼ50% of GATA-6-mediated activation compared with the parent construct, suggesting that interactions between GATA-6 and other TF (e.g., Sp1) that themselves interact with DNA may play a critical role in regulating AQP5 transcription.
Further characterization of the proximal AQP5 promoter identified a GC-rich enhancer element located between Ϫ358 and Ϫ173 bp that encompasses multiple putative Sp1 consensus sites (3) . Because functional Sp1 sites in the proximal AQP5 promoter have been previously suggested to be important in activation of AQP5 by all-trans-retinoic acid (31) and because GATA-6 is known to interact combinatorially with other TF, including Sp1, we explored the role of interactions between GATA-6 and Sp1 in mediating activation of AQP5. In transient transfection assays, both basal and GATA-6-mediated activation of an AQP5 luciferase reporter were significantly reduced after internal deletion of this proximal enhancer element from the parental plasmid Ϫ1716-AQP5-Luc. Transient transfections in S2 cells that lack endogenous Sp1 confirmed the ability of Sp1 to directly activate the AQP5 promoter. In addition, coimmunoprecipitation showed an association between GATA-6 and Sp1 in MLE-15 cells, whereas knockdown of Sp1 using siRNA reduced GATA-6-mediated activation of Ϫ358-AQP5-Luc. Cotransfections further demonstrated synergistic activation of Ϫ358-AQP5-Luc by GATA-6 and Sp1. In the absence of putative GATA-6 consensus motifs in the proximal enhancer, these data suggest that interaction between GATA-6 and Sp1 plays an important role in GATA-6-mediated activation of AQP5 transcription.
Combinatorial interactions between GATA factors and other TF contribute to their level of activity and regulation of cell-specific gene expression (30, 39, 40, 42, 43) . In particular, functional interactions between GATA factors and Sp1, a member of the Sp-multigene family and Krüppel-like zinc finger superfamily, have been shown to be important for regulation of tissue-specific expression (13, 20, 23) . In this regard, GATA-1 has been shown to interact with Sp1 to regulate the erythropoietin receptor promoter (9), whereas GATA-6 modulates tissue-specific transcription of the human gene for P450c17 by direct interaction with Sp1 (11). In the case of the P450c17 promoter, there was no requirement for direct binding of GATA-6 to the promoter, whereas transcriptional synergy for the erythropoietin receptor promoter was dependent on the integrity of both GATA and Sp1 binding sites at low concentration of GATA-1 and Sp1 but independent of the GATA-binding site at high concentrations (26) . GATA-2 and Sp1 have also been shown to cooperate functionally in regulation of endothelial nitric oxide synthase expression (46) . Although EMSA provided evidence for binding of GATA-2 and Sp1 to their own cognate sites, the GATA cis-element was only found to be operational when the Sp1 site was intact. Several other examples of cooperative interactions between GATA factors and Sp1 have been described (15) , supporting a role for cooperative GATA-Sp1 interactions in regulating tissue-and cell-specific gene expression. Interactions between GATA factors and Sp1 can be GATA-motif dependent or independent, and in the latter case Sp1 serves to recruit the GATA factor to the promoter.
In the current study, mutation of putative GATA-binding sites in Ϫ1716-AQP5-Luc individually or in combination did not reduce transcriptional activity and was in fact associated with a slight increase in luciferase activity. Similar findings were observed in studies of the P450c17 promoter in which mutating the GATA binding site was suggested to increase the availability of GATA factors to interact with Sp1, resulting in increased activation (11) . Together with residual activation of the internally deleted construct Ϫ1716(⌬Ϫ173/Ϫ358)-Luc by GATA-6, these results suggest that there may be additional functional Sp1 sites upstream of Ϫ358 that are involved in regulation of AQP5 transcriptional activity by GATA-6.
AQP5 is expressed in salivary and lacrimal gland, but within distal lung is specifically expressed in AT1 cells (18, 29) . During development, AQP5 is first expressed at embryonic day 17.5, concurrent with the appearance of AT1 cells. In addition, AQP5 is upregulated during transition to the AT1 cell phenotype, concurrent with acquisition of a type I cell-like morphology (4). This close temporal and spatial relationship to the type I cell phenotype both in vitro and in vivo suggests its utility as a marker of AT1 cells with which to investigate mechanisms of transcriptional regulation in AT1 cells. A role for Sp1 in regulation of AQP5 expression by all-trans-retinoic acid has been previously suggested (31) through increased binding of Sp1 to an Sp1/Sp3-binding element in the basal rat AQP5 promoter proximal to the enhancer region characterized in the current study (31) .
Several studies have demonstrated that Sp1 transcriptional activity can be modulated by epigenetic modifications that involve either chromatin remodeling or promoter methylation (12, 17) . Histone deacetylase (HDAC) inhibitors have been shown to enhance expression of several genes by acting through the Sp1 site to inhibit HDAC activity recruited by Sp1 (10, 12, 16) . In a recent report, Nomura et al. (31) demonstrated that hypomethylation of the proximal AQP5 promoter was associated with increased binding of Sp1 and increased expression of AQP5 under basal conditions, suggesting that differential methylation of CpG islands in the proximal AQP5 promoter may play a role in regulating its expression by modulating access to and binding of Sp1 in a cell-specific fashion. The role of epigenetic modifications of the AQP5 promoter in recruitment of GATA-6 leading to synergistic interactions and increased binding at Sp1 sites remains to be determined.
In summary, we have demonstrated that GATA-6-mediated activation of AQP5 is largely mediated through interactions with Sp1. GATA-6 and Sp1 synergistically activate a truncated Ϫ358-AQP5-Luc fragment that contains Sp1 consensus binding sites but no GATA-6 motifs. Synergistic activation was almost completely abolished by depleting Sp1 using siRNA, further suggesting that GATA-6-mediated activation of AQP5 occurs independently of GATA-6 binding to DNA. This is further supported by the finding that a GATA-6 protein in which the DNA-binding domain has been mutated retains the ability to activate AQP5 to a similar extent as the native protein. Although we cannot exclude the possibility that the proximal Ϫ358 fragment encompasses cryptic GATA-binding sites, almost complete abrogation of GATA-6-mediated activation following depletion of Sp1 strongly suggests that the GATA effects on the proximal promoter are mediated predominantly through interactions with Sp1. This is further supported by demonstration of an association between endogenous GATA-6 and Sp1 in MLE-15 cells and suggests that DNAbound Sp1 functions to recruit GATA-6 to cooperatively activate AQP5. Consistent with these findings, in vitro interactions have been previously demonstrated between GATA-6 and the zinc finger domains of Sp1 (26) . Furthermore, the increase in GATA-6 levels during transition from the AT2 to AT1 cell phenotype likely facilitates synergistic interactions between GATA-6 and Sp1, leading to increased AQP5 expression in AT1 cells. Sp1 has also been shown to play a role in regulation of expression of T1␣, another AT1 cell-enriched gene (7, 34) , suggesting that recruitment of TF to the proximal promoter through interactions with Sp1 may be an important mechanism mediating transcriptional regulation and cell-specific gene expression in AT1 cells.
